Most bacteriophages possess long tails, which serve as the conduit for genome delivery. We report the solution structure of the N-terminal domain of gpV, the protein comprising the major portion of the noncontractile phage tail tube. This structure is very similar to a previously solved tail tube protein from a contractile-tailed phage, providing the first direct evidence of an evolutionary connection between these 2 distinct types of phage tails. A remarkable structural similarity is also seen to Hcp1, a component of the bacterial type VI secretion system. The hexameric structure of Hcp1 and its ability to form long tubes are strikingly reminiscent of gpV when it is polymerized into a tail tube. These data coupled with other similarities between phage and type VI secretion proteins support an evolutionary relationship between these systems. Using Hcp1 as a model, we propose a polymerization mechanism for gpV involving several disorder-toorder transitions.
B
acteriophages are likely the most abundant biological entities on the planet, with a global population estimated at 10 31 (1) . Of these phages, Ͼ80% possess dsDNA genomes packaged within an icosahedral head connected to a long (Ϸ50-200 nm) tail (2) . The tail serves as the conduit for genome injection. Long phage tails may be contractile, as found in the Myoviridae (e.g., phage T4), or noncontractile, as found in the Siphoviridae (e.g., phage ). The tube of noncontractile tails is composed primarily of multiple copies of one protein, known as the major tail protein (MTP). During infection, the overall shape of the noncontractile tail is maintained. In contrast, contractile tails include a central tail tube protein (TTP) that is surrounded by a tail sheath protein (TSP). On infection, the tail sheath contracts and the TTP penetrates the outer cell membrane and cell wall (3) . The marked structural and functional differences between contractile and noncontractile tails [supporting information (SI) Fig.  S1 A] raises an intriguing question as to whether any evolutionary relationship exists between them. This issue is difficult to address, because the extensive sequence divergence among phage proteins results in a lack of significant sequence similarity even among proteins that are clearly evolutionarily related. For example, sequence similarities between experimentally verified MTPs from different Siphoviridae are often undetectable, despite the high probability of a common origin for these proteins (4) . In the absence of sequence similarity, an evolutionary connection between different proteins with similar functions can be inferred if they possess similar 3D structures (5) . Structural similarities between phage and viral capsid proteins point to a common evolutionary origin for the heads of tailed dsDNA phage in bacteria and archea (6, 7) , and eukaryotic viruses of the Herpes family (8) . Similar comparative studies for phage tails have not yet been possible, because no structure of any tail tube or TSP has been reported.
One indication that contractile and noncontractile tails may share a common ancestor and assembly mechanism is provided by comparative analyses of phage genomes. All long-tailed phages possess a large gene (usually, Ͼ2 kbp) encoding a tape measure protein (TMP), which is responsible for precisely determining tail length. Genes encoding the TTPs are generally upstream of the TMP gene, and are separated from it by a gene encoding a tail assembly chaperone. This gene is distinguished by a highly conserved programmed translational frameshift that is observed in the genomes of both Siphoviridae and Myoviridae (9) . The high conservation of this distinctive gene module among diverse phages is most easily explained by hypothesizing a common ancestor for these phages. However, a tape measurelike protein has also been identified as having a crucial role in assembly of the type III secretion system injectisome (10) , and this type of protein may be a requisite for the formation of various unrelated needle-like structures where length must be regulated. In the case of phage tails and these other structures, the mechanisms by which polymerization of the tube subunits is initiated and controlled remain poorly understood.
To address the evolution and assembly mechanism of phage tails, we have carried out structural and functional studies on gpV, the MTP of phage . The noncontractile tail of is comprised of 32 hexameric rings of gpV, which are stacked like tires onto an initiator complex composed of 6 phage proteins including gpH, the TMP (Fig. S1B) (11) ; gpV does not assemble on its own, but readily polymerizes into a tube when the initiator complex is encountered. The extent of gpV polymerization is regulated by the presence of the TMP, and another protein, gpU, which serves to cap the finished tail when it reaches its proper length (12) . The mechanism by which gpV is maintained in a mostly monomeric state in the absence of the initiator complex, and the locations of the interfaces involved in gpV hexamerization and polymerization have not been identified. In this work, we describe the NMR solution structure of the domain of gpV required for tail tube formation, the N-terminal domain of gpV (gpV N ). The structure of gpV N displays a striking similarity to a previously solved but unpublished structure of a Myoviridae TTP, and to a hexameric ring-shaped component of a bacterial type VI secretion system. These structural similarities provide strong evidence for the common evolution of all long-tailed phages, and the type VI secretion system. Also, we present a model for the mechanism of gpV polymerization.
Results and Discussion
Solution Structure and Dynamics of gpVN. The gpV is comprised of 2 domains, and only the N-terminal domain, gpV N , is required for assembly of functional phage particles (13) . Here, we have used NMR spectroscopy to solve the solution structure of a gpV N construct comprising gpV residues 1-153, boundaries that we determined through bioinformatic analysis (14) . An ensemble of the 10 lowest energy structures for gpV N are shown in Fig. S2 A. The structured regions of the protein are well defined, having a backbone rmsd of 0.69 Å (Table S1 ). However, 3 regions, spanning residues 1-14, 50-78, and 149-153, displayed no long-range NOEs, and could be assigned no fixed structure. The disordered nature of these regions was confirmed through an assessment of { 1 H}- 15 N heteronuclear NOEs, which indicated that they are dynamic on the ns-ps timescale (Fig. S2B) , similar to the behavior of an unfolded protein. Strikingly, these 3 regions account for Ϸ30% of the entire domain.
The structured part of gpV N is composed of 7 ␤-strands and 1 ␣-helix. The secondary structure assignments were confirmed by examination of short-range NOE data and NMR chemical shift information. The 7 strands are arranged into 2 antiparallel sheets, which fold into a twisted ␤-sandwich conformation. Sheet 1 is formed from strands 1, 2, 4, and 5, whereas sheet 2 is formed from strand 2, 3, 6, and 7. The ␣-helix is located between strands 3 and 4 (Fig. 1A) . The high quality of this structure is reflected by its well-packed core consisting of 16 hydrophobic residues that display Ͻ10% solvent accessibility (Fig. 1B) . In an alignment of a very diverse set of gpV N homologues collected through multiple iterations of PSI-BLAST (Fig. 2) , an almost complete conservation of hydrophobicity is seen at 14 of the 16 core positions, which is remarkable in light of the low sequence identity among these proteins. Also, secondary structure prediction performed on the whole alignment (15) showed concordance at every secondary structure element in gpV N , except for the short ␤6-strand. The agreement between the gpV N structure and the alignment data strongly suggests that all of these homologues adopt a tertiary structure similar to gpV N .
Central Disordered Region of gpVN Is Functionally Important. Disordered regions are a hallmark of many unassembled bacteriophage morphogenetic proteins, and the functional importance of these regions has been demonstrated in several cases (16, 17) . A potentially important feature of the large unstructured region in the middle of gpV N (residues 50-78) is its high concentration of negatively charged residues, given that electrostatic interactions were previously implicated in the polymerization of gpV hexamers (18) . To investigate the role of this region and the charged residues within it, we substituted a tandem pair of Asp residues at positions 61 and 62 with Ala. The biological activity of this mutant was assessed by using an in vivo complementation assay whereby a phage that is unable to make gpV (Vam mutant) is complemented by gpV expressed from a plasmid. It can be seen that the D61A/D62A mutant is completely devoid of biological activity (Fig. 3A) , proving that this region of gpV is critical for its function. Also, this mutant also displays a dominant negative phenotype in that it inhibits the growth of wild-type phage (Fig.  3B ). This effect implies that the D61A/D62A mutant incorporates into tail assembly intermediates, but that its presence inhibits further tail formation. Because gpV does not hexamerize until it is incorporated into the tail, this behavior is most simply explained if the mutant is still able to form hexamers on interacting with the tail initiation complex, but is debilitated in the hexamer-hexamer interaction required for the formation of a tail tube. To test this hypothesis, we overexpressed either wild-type or mutant gpV, while simultaneously inducing a wildtype prophage. The resulting phage particles were examined by using transmission electron microscopy. Fully assembled phages were observed in the empty vector negative control indicating that phage induction and assembly was successful (Fig. 3C ). Overexpression of wild-type gpV resulted in the presence of fully assembled phage and an abundance of free tails of wild-type length (Fig. 3C) . Remarkably, the overexpression of the D61A/ D62A mutant resulted in the formation of short tails (Fig. 3C ). Although fully assembled phage and tails of normal length were also observed, the most abundant specimen found on the grid was short tails. This observation supports the idea that the D61A/D62A mutant inhibits the hexamer-hexamer interactions involved in tail polymerization.
Structural Similarity Between gpVN and a Tail Tube Protein from a
Contractile-Tailed Phage. A search for similar structures in the PDB by using VAST (19) yielded many significant hits. Several of the similar structures were members of the PilZ domain, which binds bis-(3Ј-5Ј)-cyclic dimeric guanosine monophosphate (c-di-GMP) and is involved in bacterial signaling (20) . Some other similar structures were members of the pyridoxamine 5Ј-phosphate oxidase families (21) . Although these families of proteins do not appear to be functionally relevant to gpV N , 1 significant hit (PDB ID: 2GUJ, unpublished structure by the Northeast Structural Genomics Consortium) corresponded to XkdM, a protein encoded within the well characterized B. subtilis PBSX prophage, which produces Myoviridae type particles when induced (22) . XkdM comprises the tail tube of this particle (23) . As would be expected for a tail-tube protein, the gene encoding XkdM is located between the gene encoding the tail sheath and TMP of PBSX (Fig. 4A) . Surprisingly, the ORF immediately downstream of XkdM, XkdN, does not appear to encode the conserved frameshift seen in most long-tailed phage, suggesting that this frameshift may not be imperative for all phages.
gpV N and XkdM possess strikingly similar folds (Fig. 4B) , and can be overlaid with an RMSD of 1.9 Å over 57 equivalent C␣ positions. The topology of the 2 proteins is essentially the same, except that gpV N displays disordered regions at its N and C termini where strands are present in XkdM (Fig. 4C) . The common core tertiary structure of each consists of 2 orthogonally packed sheets. Both proteins have large loops between strands 2 and 3. Although this loop is completely disordered in gpV N , it forms a structured loop with a helix in XkdM that folds back into the top of the structure (Fig. 4 B and C) . This conformation could be induced through the crystallization pro- cess, and this region may be disordered when XkdM is in solution. One other difference between the structures is the presence of a helix between strands 5 and 6 in XkdM, where gpV N has a short strand.
The strong structural similarity between gpV N , a noncontractile TTP, and XkdM, a contractile TTP, provides direct evidence that these 2 types of tails are structurally related at the molecular level. Also, this structural similarity combined with the gene order conservation seen in most Siphoviridae and Myoviridae genomes (Fig. 4A) provides compelling evidence of an evolutionary link between the distinctive tails used by these phages. The inability to trace the evolutionary link through sequence homology (gpV N and XkdM display no significant sequence similarity) might suggest that this structural similarity arises through convergent evolution; however, the lack of sequence similarity is not surprising, given that tube proteins within the same phage families often display no detectable sequence similarity. The apparent common structure and evolution of the contractile and noncontractile TTPs raises intriguing questions as to whether the sheath protein evolved to interact with the tail tube of a common progenitor phage, or whether a contractiletailed progenitor lost its sheath at some point to give rise to the noncontractile tail family.
Phage Tails Are Structurally Related to the Hcp1 Type VI Secretion System Protein. Although the structural similarity between gpV N and XkdM is striking, an even stronger structural similarity was found between gpV N and Hcp1 (PDB ID: 1Y12), which is an essential component of a type VI secretion system from Pseudomonas aeruginosa (24) . Hcp1 and gpV N can be overlaid at 74 equivalent C␣ positions with an RMSD of 2.1 Å. The topology and tertiary structure of these proteins are the same with only minor deviations (Fig. 5 A and B) . The most prominent difference is the presence of 3 extra strands at the C terminus of Hcp1 where gpV N has a disordered region. Remarkably, within its crystal lattice, Hcp1 is assembled into hexameric rings that stack on each other to form tubes (Fig. 5C) The structural similarity between gpV N and Hcp1 supports a . These sequences were chosen to maximize diversity, and are derived mostly from prophages in various bacteria (sequences are designated by National Center for Biotechnology Information GI nos.). Sequences taken from characterized phages are indicated. The average pairwise identity of these sequences to gpV N is 17%, with no sequence being Ͼ23% identical. The average pairwise identity among all of the sequences in the alignment is 18%. No 2 sequences in the alignment are Ͼ37% identical. Nonconserved sequences at the N termini of these proteins were truncated (gpV starts at Met 8).
In the last 2 sequences, a large loop after ␤-strand 4 is truncated. The 14 highly conserved hydrophobic core positions are indicated in yellow. Conserved nonpolar positions in the structured regions of gpV N that are Ͼ20% exposed in the gpVN monomeric structure are indicated in red. Conserved residues within the middle unstructured loop are indicated in orange, and additional residues that are conserved and found at hexamer interface positions are indicated in cyan. Experimentally derived secondary structure elements are indicated on top of the alignment in blue with the computationally predicted secondary structure shown in yellow (15) .
growing body of data pointing to an evolutionary relationship between components of the type VI secretion system and phage tails. Leiman et al. report close structural similarities for VgrG, another key component of the type VI system, and the tail spike proteins, gp27 and gp5, from bacteriophage T4 (Myoviridae) (35) . In Vibrio cholerae, the VgrG secreted proteins have been shown to interact with one another, and it has been speculated that they may form a trimeric complex analogous to the (gp27) 3 (gp5) 3 membrane-puncturing tail spike complex from bacteriophage T4 (25) . Hcp1 is absolutely required for both the assembly of the type VI secretion apparatus and for the localization of ClpV1, a AAAϩ family protein that provides the energy for Hcp1 secretion (24) . The proclivity for Hcp1 to form tail-like tubes in solution has been demonstrated by engineering a disulfide bond at the hexamer-hexamer interface observed in the crystal structure (26) . Also, the accompanying article reports that a homologue of Hcp1 is able to form tubes spontaneously. Because of its tube-forming ability and its high level of expression, it is believed that Hcp1 forms the injection needle for secretion. Because gpV does form a long tube through which DNA and proteins are transported, the hypothesis that Hcp1 may assemble into a comparable structure for the intercellular transport of proteins and/or oligonucleotide-type substrates is strongly supported by the structural similarity between these 2 proteins.
Model for gpV Polymerization Based on Hcp1. In light of the structural and putative functional similarities between gpV N and Hcp1, we believe that the oligomerization mode of gpV within the phage tail is similar to that seen for Hcp1 within the crystal lattice. However, it is important to note that gpV N is monomeric in solution, under the conditions of the NMR experiments, whereas Hcp1 is hexameric in solution (24) . Also, gpV N possesses significant regions of disorder. We predict that some or all of these disordered regions would gain structure on gpV polymerization and have a key role in facilitating this process. For example, the large disordered region from residues 50-78 in gpV N corresponds to a long loop in Hcp1 that interacts with the neighbouring subunit in the hexameric ring sits on the upper surface of the ring (Fig. 5C ), where it can interact extensively with the next hexamer sitting on top. The unstructured loop in gpV N likely becomes ordered on gpV polymerization in a manner similar to Hcp1, a supposition which is supported by our mutagenesis data ( Fig. 3 A and B) , suggesting that residues within this loop may have a key role in the polymerization process. The importance of this loop in gpV function is also underscored by the occurrence of several highly conserved positions in this region (residues Tyr-55, Leu-60, and Gly-73) and the minimal degree of loop length variation observed here compared with other loops in the alignment (Fig. 2) . The C-terminal residues of gpV N are disordered. Because this region forms a ␤-strand lying on the outside of the ring in Hcp1, a strand may also form here in gpV on assembly (Fig. 5D ). This idea is In each case, the tail chaperones (gpG and frameshift product, gpGT, in ), colored purple, are located between the gene encoding the MTP or TTP, colored blue, and the gene encoding the TMP, colored orange. In Myoviridae, the gene encoding the TSP, colored red, is located upstream of the TTP. It should be noted that PBSX was previously reported to possess the conserved frameshift (9), but this was an error. (B) Tertiary and (C) secondary structure comparison between gpV N and XkdM, the TTP from PBSX. Each secondary structure element in XkdM is color-coded based on its tertiary alignment with gpV N (␤1, salmon; ␤2, orange; ␤3, yellow; ␤4, blue; ␣1, green; ␤5, sky blue; ␤6, purple; and ␤7, deep pink). Loops and secondary structure elements that do not align are colored in gray. In C, regions that are disordered in gpV N are denoted with a red star.
bolstered by the computational prediction of a ␤-strand in this region of the gpV N alignment (Fig. 2) , and by the occurrence of a strand at this position in the structure of XkdM (Fig. 5D) . Last, the C-terminal domain of gpV has been seen as a protrusion on the exterior of the tail (13) . The formation of the proposed strand at the end of gpV N would bring the terminus of this domain to the outside surface of the hexameric ring, where the C-terminal domain would be located.
Our model for the oligomerization of gpV based on the Hcp1 structure is supported by the gpV N sequence alignment. We detected 5 highly conserved hydrophobic positions in structured portions of gpV N that were Ͼ20% exposed in the monomeric structure (Fig. 2) . Remarkably, the superposition of the gpV N monomer onto a subunit of Hcp1 reveals that each of these residues is positioned close to the hexamerization interface (Fig.  5E ). Another 8 positions display relatively high conservation in that at least half of the residues at each position are identical, or they maintain charge or aromatic character. Five of these positions lie in the large central unstructured loop (Fig. 2) , and 3 others are found at the putative hexamerization interface (Figs.  2 and 5E ). The gpV N alignment has 2 regions exhibiting large insertions and/or deletions. Both of these regions comprise loops that would lie on the outside of the putative gpV ring in positions where Hcp1 also possesses large loops. In summary, the structural and bioinformatic data available supports the hypothesis that gpV forms a hexameric ring in a manner similar to Hcp1.
The presence of large unstructured regions within gpV N , which we hypothesize become structured on polymerization, provides a putative mechanism for the strict control of tail assembly during morphogenesis. Because gpV has the potential to polymerize into aberrantly long nonfunctional structures (18) , premature association between gpV monomers must be prevented. The unstructured regions could serve this purpose such that gpV N remains monomeric even at the very high concentrations used in this NMR study (Ϸ1 mM). On encountering the tail initiator complex, gpV commences polymerization in a process that is expected to include the ordering of unstructured regions. This ordering is likely facilitated by the initiator complex, and results in the formation of a surface that can participate in further polymerization until the end of the TMP is reached (Fig. S1B) . Interestingly, when the tail is dissociated at low pH, individual hexameric rings of gpV are obtained, indicative of a major structural change occurring in gpV on oligomerization that prevents dissociation into monomers. The conformational changes in gpV may involve multiple steps of disordered to order transitions, because the 3 disordered regions may not all fold in the same morphogenic step.
Conclusions
The 3D structure of gpV N provides direct evidence that contractile and noncontractile phage tails evolved from a common ancestor. The structural similarities between the TTPs described here indicate that all long phage tails may be assembled from a common repository of components, and a common assembly mechanism may exist. The structural similarity observed between gpV N and the hexameric type VI secretion protein, Hcp1, strongly supports the hypothesis that phage tails and type VI secretion systems are structurally, functionally, and evolutionarily related, and that Hcp1 forms the tube of this bacterial secretion apparatus, just as gpV N forms the tubular structure of the phage tail. Because bacterial secretion systems are attractive drug targets, understanding the structural components and mechanisms of their assembly are imperative to the development of successful inhibitors. New possibilities for the application of knowledge from studies of tailed phages to the investigation of type VI secretion will dramatically increase the rate of knowledge acquisition in this emerging field. The inability of Hcp1 and its homologues to readily form tubes under normal solution conditions implies that, just as in the phage system, other factors, which remain to be discovered, are necessary for efficient polymerization of this protein.
Last, it is interesting to note that type VI secretion systems are not the first known example of bacteria evolving to use phages or parts of phages for their own advantage. Most strains of P. aeruginosa produce phage tail-like entities, known as Pyocins, that are able to selectively kill other P. aeruginosa strains (27) . The operons encoding Pyocins are undoubtedly derived from phage genomes, because significant sequence similarity is observed between Pyocin proteins and various phage tail proteins. Also, phage-derived particles, called gene transfer agents, have an important role in mediating lateral gene transfer in many species of alpha-proteobacteria (28) . Together, these observations emphasize the importance of phage-derived elements in the evolution and function of various complex bacterial systems.
Methods
Plasmid Construction and Protein Purification. A region encoding gpV residues 1-153 was cloned into a modified pET32b expression vector (Novagen) to produce a 6-His tagged fusion with thioredoxin. Quikchange mutagenesis (Stratagene) was used to make all mutations. For in vivo complementation assays, full-length gpV and mutants were cloned into a pTrc99c vector (29) . The gpV N construct was expressed in BL21 CodonPlus (Stratagene) with overnight incubation at 25°C after induction. Purification was performed under native conditions by using Ni-NTA agarose following the standard protocol (Qiagen).
NMR Spectroscopy and Structure Calculation. NMR studies on gpV N were carried out at protein concentrations of Ϸ1.0 mM in 50 mM Na 2HPO4, pH 6.8/200 mM NaCl or in 50 mM Na 2HPO4, pD 7.2/200 mM NaCl made by using 99.9% D2O. All NMR spectra were collected at 20°C on a Varian INOVA 500 or 800 MHz spectrometer equipped with pulsed field gradients at the Qué bec/Eastern Canada High Field NMR Facility. Structure calculations were performed by using CYANA 2.1 (30) . PROCHECK-NMR (31) was used for structure validation.
In Vivo Assay for gpV Activity. BL21 (DE3-⌬tail) (32) cells freshly transformed with either empty pTrc99c vector, or plasmids expressing WT or mutant gpV, were suspended in molten 0.7% top agar supplemented with IPTG to a final concentration of 0.5 mM, then poured onto LB/Agar plates containing 10 mM MgSO 4. Serial dilutions of a Vam lysate were spotted in 4-L aliquots on top of the cells, and the degree of complementation was scored by observing plaque formation after 24-h incubation at 37°C. The activity of D61A/D62A was tested in the context of full-length gpV.
Electron Microscopy. Samples were prepared by freshly transforming the Escherichia coli strain 594 carrying a prophage with wild-type morphogenic genes (cI 857Sam7), with either empty pTrc99c or pTrc99c plasmids expressing gpV-WT or gpV-D61A/D62A. Cells were grown to a final density of Ϸ0.8, and phage production and protein overexpression were induced simultaneously. Cells were then grown at 37°C for 3 h, harvested by centrifugation, and lysed by vortexing in the presence of CHCl 3. The resulting phage lysates were applied to the surface of a continuous carbon film coated EM grid and stained with 2% (wt/vol) uranyl acetate. Grids were examined with a Hitachi H-7000 microscope.
Construction of a Sequence Alignment of gpV N Homologues. A PSI-BLAST (33) search was initiated by using residues 1-153 of gpV. Convergence was reached after 13 iterations. Sequences were aligned by using MUSCLE (34) . The number of sequences in the alignment was iteratively reduced by taking single representatives of identified sequence subfamilies. Ultimately, a set of sequences with maximal diversity that could still be aligned easily by automated procedures was produced. Secondary structure prediction was carried out by using JPred (15) .
Additional details regarding cloning and purification, NMR, electron microscopy, and sequence alignment construction can be found in SI Materials and Methods.
